[1] Stishovite synthesized from natural basalt showed the highest concentration of hydrogen ever reported. The water concentration obtained from the polished single crystal of stishovite in this study was up to a maximum of 5628 ± 291 atoms of hydrogen per 10 6 silicon atoms (844 ± 44 ppm water). The concentration of hydrogen increased with increasing substitution of trivalent cations, which is linked to the increase of D tri-valent st/gt and D tri-valent st/cpx , with increasing pressure. Furthermore, temperature has a significant effect on the incorporation of hydrogen into stishovite. The result of this study suggests that stishovite in the basaltic crust of the subducting zone could be an important water-containing phase and contribute to the transport of hydrogen to the lower mantle. 
Introduction
[2] A considerable amount of water in the Earth's mantle is contained in nominally anhydrous minerals (NAMs) such as olivine, pyroxene, garnet, quartz, and their high-pressure polymorphs as well as hydrous minerals [e.g., Bell and Rossman, 1992; Rossman, 1996; B-Casanova et al., 2000; Mosenfelder, 2000] . The trace amounts of water in the mantle can affect the physical properties of the rock such as melting behavior and diffusion as well as the rheology and seismicity. However, little is known about how water is stored in these NAMs in the deep Earth. Information on the mechanisms and the upper limits of hydrogen-incorporation in NAMs provides constraints for predicting the storage capacity of water in the Earth's interior.
[3] Stishovite, one of the high-pressure forms of SiO 2 , is stable in the mantle at depths greater than 300 km, and is one of the mineral components of the deep subducting slab penetrating into the lower mantle [Irihune and Ringwood, 1993; Hirose et al., 1999] . A previous report for hydrogen substitution in synthetic stishovite in the Al 2 O-SiO 2 -H 2 O system has shown that stishovite may be a possible reservoir of water in the mantle [Pawley et al., 1993] . Other recent studies reported that hydrogen substitution in rutile, which is isostructural with stishovite, correlates with the aluminum content [Rossman and Smyth, 1990; Hammer and Beran, 1991; Vlassopoulos et al., 1993; Swope et al., 1995] . In order to observe the effect of this substitution in a natural system, we have investigated the concentration of hydrogen and its mechanism of its incorporation into stishovite synthesized from basalt.
Experiment
[4] We prepared water-containing glasses as starting materials by quenching natural MORB with water from 1 GPa and 1200-1300°C using a piston-cylinder apparatus at the Earthquake Research Institute, University of Tokyo. Water content of the starting glass materials was determined from IR absorption spectra according to the absorption coefficient of OH in basaltic glass [Stolper, 1982] . The water content was $10 wt.% H 2 O. High-pressure experiments were performed using the Kawai-type high-pressure apparatus (ERI2000, Earthquake Research Institute, University of Tokyo). Starting materials with average volume of 2.0 mm 3 were loaded into a Au 25 Pd 75 container. The assemblies consisted of tungsten carbide with 4-mm truncated edge length, pressure medium of the semi-sintered magnesium oxide octahedron with 10-mm edge length, and the cylindrical LaCrO 3 furnace. Details of the pressure calibration are described in Ono [1999] and Chung and Kagi, [2000] . Temperature was measured by W3%Re/ W25%Re thermocouples, which were in contact with the capsule at the center of the furnace. The temperature gradient within the sample cell from the hot center to the cold margin was about 150°C in the cell assembly. The temperature difference was measured by two thermocouples located at the middle of the heater and at 1 mm below the middle point. After a run of 50 h, the sample was quenched by turning off the power to the furnace, and the pressure was released slowly.
[5] Infrared spectra were obtained using a micro FTIR spectrophotometer (Spectrum 2000, Perkin Elmer Co Ltd.). IR measurements were carried out using Globar light source, KBr beam-splitter and MCT detector. Spectra were recorded by 300 $ 500 scans with a resolution of 4 cm À1 under the condition that the microscope was purged with the flow of dry air. A CdTe polarizer (KRS 5) was employed. To analyze each single grains, crystals were handpicked from the run products. The polarized spectra were obtained on optically clear single crystals of stishovite which were polished according to the crystal orientation in order to estimate the accurate water content. The thickness of polished crystals was determined by focusing on the upper and lower surfaces of the sample measuring the difference on the micrometer of the microscope. The polished crystals were 11 to 26 mm thick. The crystal size of stishovite was up to 30 $ 100 mm long. Many crystals of stishovite in HB13-5 are twinned and elongated in the c axial direction.
[6] The OH-concentration of stishovite was estimated by integrating the absorption bands using the calibration by X -1 Paterson [1982] :
where C OH is the concentration of hydroxyl in H/10 6 Si, z is an orientation factor, K(v) is the absorption coefficient in cm À1 for a given wave number v, and Xi is a density factor. Xi value of 1.4 Â 10 4 H/10 6 Si was used for stishovite. [7] The chemical compositions of single stishovite crystals were determined on the each identical crystal whose water content was determined by micro IR spectroscopy on a grain-by-grain basis. Those of garnet and pyroxene were determined as the average values of each run product by electron microprobe (JEOL JXA-8800) analysis. An accelerating voltage of 15 kV and a beam current of 12 nA were employed for all elements. The oxide ZAF correction method was applied. The average content of a crystal of stishovite was obtained by analyzing >10 points and for garnet and pyroxene >20 points using an electron beam <1 mm in diameter.
Result and Discussion
[8] High-pressure experiments were conducted under the conditions of 10 and 15 GPa and 1000 -1500°C, but stishovite crystals of suitable size for IR measurement were obtained from only two runs (HB 13-11: 10 GPa, 1200°C and HB 13-5: 15 GPa, 1400°C). The HB 13-11 contained garnet, pyroxene, stishovite, and a liquid phase (H 2 O-rich phase); the HB 13-5 garnet, stishovite, a liquid phase, and a trace amount of pyroxene. Hydrous minerals were not (1) by Paterson [1982] . b Water concentration estimated using the absorption coefficient by Pawley et al. [1993] . St, stishovite; Gt, Garnet; Cpx, clinopyroxene; Starting, starting material; n.a., not analyzed. Oxide concentrations are given in weight percent and water concentrations are in H/10 6 Si. The values in parentheses represent one standard deviation. The error of H concentration was calculated from uncertainties in the measurement of the sample-thickness.
X -2 detected in this study. The chemical compositions of garnet, pyroxene, and the single crystals of stishovite are listed in Table 1 . Analysis of the liquid phase yielded very low (<$70 wt.%) and heterogeneous total numbers presumably due to the fibrous texture with cavities.
[9] IR absorption spectra of stishovite showed the incorporation of structurally bound O-H. Polarized absorption spectra at room temperature are presented in Figure 1 . The spectrum shows a single intense absorption band at 3111 cm À1 with a position almost identical to that of the previous study [Pawley et al., 1993] . Other peaks at 3240 cm À1 , 3311 cm
À1
, and 3351 cm À1 reported in previous works were not found [Pawley et al., 1993; Mosenfelder, 2000] . In this study, a crystallographic orientation of stishovite was initially determined under an optical polarizing microscope prior to the IR spectral measurements. This orientation was justified by the polarized IR spectra; maximum absorption occurred when the electric vector of the IR radiation was polarized perpendicular to the crystallographic c axis of stishovite, and there was no absorption when it was polarized parallel to the c axis. This strong polarization precludes fluid inclusion and surface contamination of hydrous species and implies that the hydrogen detected in stishovite in this study is incorporated as interstitial OH ion. In our preliminary measurement [Chung and Kagi, 2000] , we obtained a very weak absorption band at 3111 cm À1 since we did not determined the crystallographic c axis. This dissimilarity for the same sample could be attributed to the uncertainties of the preliminary measurement.
[10] Table 1 summarizes the values for hydroxyl concentration of six single crystals of stishovite in HB 13-11 (from St 11-3 to St 11-27) and eight in HB 13-5 (from St 5-15 to St 5-28). The hydroxyl concentration of stishovite was calculated from polarized infrared spectra and one unpolarized infrared spectrum (St 5-21) using Equation (1). The hydroxyl concentrations of stishovite were heterogeneous in individual runs. The heterogeneous water distribution on the same run product is relevant to the substitution of the minor elements in stishovite as shown in 6 Si) of HB13-11 calculated using the absorption coefficient of Pawley et al. [1993] is about three times higher than that previously reported (549 ± 23 H per 10 6 Si) at the same condition of 10 GPa and 1200°C [Pawley et al., 1993] . This discrepancy might result from the difference in water fugacity at high pressure, or the systematic effect of the presence of impurities, or the difference in the ways of calibration of absorbance. Pawley et al. [1993] used unpolarized radiation for the determination of absorbance while polarized radiation was used in this study. The measurement of absorbance using unpolarized radiation as compared with polarized radiation in anisotropic crystals may lead to large errors [Libowitzky and Rossman, 1996] .
[11] The substitution of the impurities including Al 3+ and H + for Si 4+ in stishovite is expected to be similar to that of rutile which is isostructural with stishovite. H substitution in rutile has been reported [Hammer and Beran, 1991; Vlassopoulos et al., 1993; Swope et al., 1995] . The EPMA analyses in this study (Table 1) Figure 2 shows that the hydrogen concentration of stishovite in this study increases as the trivalent cations, which is mostly Al, increase. In HB13-11, the ratio of Al to H is 4:1 and that of Al to monovalent cations (Na + and K + ) is 34:1. In HB 13-5, the ratio of Al to H is 3:1 and that of Al to monovalent cations is 66:1. The high Al concentration cannot be accounted for only by the substitution of H and monovalent cations. An excess of Al concentration, therefore, needs to be reconciled by the substitution of Al 3+ $ Si 4+ + O v (a vacancy on an oxygen site), as suggested by previous studies [Hammer and Beran, 1991; Pawley et al., 1993; Smyth et al., 1995; Swope et al., 1995] . [13] Ono [1999] suggested that Al content of stishovite increased with increasing temperature. In this study, a certain gradient of temperature in each run product also yielded the heterogeneous H content in proportion to the substitution of Al. However, as shown in Figure 2 , the trends of H content in the two run products have different slopes. In the run product of HB 13-5, a gradient of temperature yielded a larger variation for the substitution of hydrogen content than that of Al. This probably means that the temperature effect on the hydrogen content in stishovite is more sensitive than that on other impurities including Al. The coexisting phases and pressure as well as temperature may be a factor in limiting the substitution of Al and H into stishovite. Variation in the substitution of impurities including Al and H into stishovite would be controlled by the partitioning of these impurities between stishovite and the coexisting phase. The pressure dependence on partition coefficient of mono-, di-, and tri-valent cations for stishovite/garnet and stishovite/pyroxene are presented in Figure 3 . decrease with increasing pressure. These partition coefficients would be controlled by the change in the stoichiometry of garnet to the majoritic composition and clinopyroxene to the jadeitic composition.
[14] In a subduction zone, stishovite begins to crystallize at a depth of 300 km and increases its abundance as a result of the dissolution of coexisting clinopyroxene in the garnet with increasing depth. It is known that natural clinopyroxene contains 500 ppm H 2 O on average and may be an important water-reservoir in the upper mantle [Bell and Rossman, 1992] . Notably, ompacitic clinopyroxene contains 1300 ppm H 2 O [Rossman, 1996] . This hydrous clinopyroxene eventually breaks down with increasing pressure and the dissolution of clinopyroxene into garnet is completed at 20 GPa. Majoritic garnet contains about 700 ppm H 2 O [B-Casanova et al., 2000] , but the transition to CaSiO 3 -rich perovskite also occurs by the depth of the 660 km-discontinuity [Irihune and Ringwood, 1993] . If the solubility of hydrogen in stishovite were to increase with increasing pressure, a considerable proportion of the water released from clinopyroxene and hydrous minerals of subducting slab would be transferred into stishovite. The hydrated stishovite in a subducting slab can survive and carry water into the lower mantle to at least the transition pressure from the stishovite to a CaCl 2 -type structure whose affinity for water is unknown [Andrault et al., 1998 ].
[15] However, the solubility of hydrogen of stishovite in the lower mantle would depend on the partitioning of hydrogen and minor elements between stishovite and other constituent minerals of the subducted slab in the lower mantle such as perovskite, Al-rich phase, and aluminocalcic phase [Hirose et al., 1999] . A recent study reported that Mg-perovskite contains about 2000 ppm H 2 O and Caperovskite about 4000 ppm H 2 O [Murakami et al., 2002] . Although these perovskites can be a major water reservoir in the lower mantle, stishovite may store a considerable amount of water and be an important water carrier from the upper mantle to lower mantle. As Pawley et al. [1993] suggested, stishovite could also be a water reservoir in hot regions of the mantle including subducted slab where it might be stable. 
